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Use of variable impedance to control coil sputter distribution 



(57) Variable reactances in an impedance-matching 
box for an RF coil, in a plasma deposition system for 
depositing a film of sputtered target material on a sub- 



strate, can be varied during the deposition process so 
that the RF coil and substrate heating, and the film dep- 
osition, are more uniform due to "time-averaging" of the 
RF voltage distributions along the RF coil. 
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Description 

The present invention relates to plasma generators, and more particularly, to a method and apparatus for gener- 
ating a plasma to sputter deposit a layer of material or to etch a layer of material in the fabr.cat.on of senmconductor- 

d6Vi Low pressure plasmas have become convenient sources of energetic ions and activated atoms which can be 
employ J I in a variety of semiconductor device fabrication processes including surface treatments, deposrt.ons, and 
JZ na processes For example, to deposit materials onto a semiconductor wafer using a sputter depos.t.on process. 
fp^smaTp oduced in the vicinity of a sputter targe, materia, which is negat.e.y biased^. ons created adjacent the 
faSetlpacUhe surface of the target to dislodge, i.e.. -sputter" material from the target. The sputtered matenals are 
then transported and deposited on Ihe surface of the semiconductor wafer. 

SoutteS material has a tendency to travel in straight line paths, from the target to the substrate, be.ng deposited, 
at angles which are oblique to the surface of the substrate. As a consequence, materials deposited in etched open.ngs 
Sing inches and holes of semiconductor devices having openings with a high depth to w,dth aspect rat.o may 
not adequately coat the walls of the openings, particularly the bottom walls. If a large amount of matenal .s being 
deposed the deposited materia, can bridge over, causing undesirable cavities in the deposition layer. To prevent such 
cavSes sputtered material can be redirected into substantial.y vertica. paths between the target and the substrate by 
ntaaUvelt biasing (or self-biasing) the substrate and positioning appropriate vertica.ly onented electric fields adjacent 
ZXSnMvi sputtered materia, is sufficiently ionized by the p.asma. However, materia, sputtered by a low density 
Dlasma oUen has an ionization degree of .ess than 10% which is usually insufficient to avoid the formation of 
cess7ve number of cavities. Accordingly, it is desirable to increase the density of the plasma to increase the .onizat.or. 
rate of the sputtered materia, in order to decrease the formation of unwanted cavities in the deposrt.on layer. As used 
herein/the term "dense plasma" is intended to refer to one that has a high electron and ,on dens.ty, m the range of 

^"There are^everal known techniques for exciting a plasma with RF fields including capacitive coupling, inductive 
coupling and wave heating. In a standard inductively coupled plasma (ICP) generator. RF current passing through a 
Sounding the plasm! induces electromagnetic currents in the plasma. These currents heat the conducing plas- 
C m ° b oIc heating so that it is susta.ned in a steady state. As shown in U .S. Pat. No. 4.362,632, for example, curren 
Tough a coil is supplied by an RF generator coupled to the coil through an impedance-match.ng network, such that 
" Te exacts as the first windings o, a transformer. The plasma acts as a single turn second winding of a transformer 
A° hough ionizing the deposition material facilitates deposition of materia, into high aspect ratio channels and ves 
many sputtered contact metals have a tendency to deposit more thickly in the center of the wafer as compared o the 
Xs This "center thick" deposition profile is undesirable in many applications where a uniform deposifon th.ckness 

15 "Ts described in USSN 08/680,335. entitled "Coils for Generating a Plasma and for Sputtering", it has been recog- 
nized that the coil itself may provide a source of sputtered material to supplement the deposition matenal sputtered 
uom the primary target of the chamber. Application of an RF signal to the coil can cause the co, to develop a negative 
LTaTlich S attract positive ions which can impact the coi. causing material to be sputtered from the coi Because 
thTnSSL^pimered from the coil tends to deposit more thickly at the periphery of the wafer, the center th.ck tendency 
!or Serial sputtered from the primary target can be compensated by the edge thick tendency for matenal sputtered 
fmm thp coil As a result, uniformity can be improved . , 

I has been recognized by the present applicant that the sputtering rate for material sputtered from the co.l may 
be nonuniform around the perimeter of the coil. Hence the ability to achieve a desired level of un.form.ty may be 
adverselv affected in some applications. 

I has f urther been recognized by the present applicant that the coil can devetop a hot spot which can cause uneven 
heating i the substrate. This uneven heating of the coil can also cause reliability problems ,n that portions of the co.1 
mav become too hot and deform, and may also cause particulates deposited on the coil to flake off and contaminate 
^subs^te. Thee single turn coils are typically required to carry a relatively high level of current, these problems 
ran be more pronounced in such single turn coils. 

his™ object of the present invention to provide a method and apparatus for etch.ng or sputter depositing a layer 
which improves uniformity and which obviates, for practical purposes, the above-mentioned limitations. 

ThTse and other objects and advantages are achieved by a p.asma generat.ng apparatus ,n which, in accordance 
wffh one preferred aspect of the invention, an impedance-circuit coupled to an RF coil has a tunable vanab.e reactance 
7or sS RF Voltage distributions along .he length of the RF coil. It has been noted that the RF voltage distribute 
LtonoThe cS. influence the plasma properties such as the plasma density and potential profiles and electron and .on 
movement? nch Ling ion bombardment of the coi. and substrate being deposited. It has further been noted that the 
LTanTaneous RF voltage distributions along the coil are not unfform or symmetric about the symmetry axis o the co.L 
These nonunLm and asymmetrical instantaneous RF voltage distributions along the co.l can lead to nonun.form and 
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asymmetrical heating of both the coil and the substrate as well as nonuniform sputtering of the coil and nonuniform 
Hpnnsition of material on the substrate. 

P °n accordance with one preferred aspect of fhe present invention, it has been found that the reactance between 
the RF coil and the ground'can be cyclicly and continuously tuned during a sputtering operator .to move or yary he 
5 voltage distributions along fhe RF coil so that minima and maxima points of the RF voltage distribute along he 
Z\ Te not fixed at particular regions of the coil. Instead, the RF voltage distribution can be repeatedly moved around 
the coM in a oSional or other motion. In addition, the ionization pattern of the plasma associated with the RF voltage 
Sbut on may be similarly moved in conjunction with the movement of the RF voltage distribution. As a consequence 
fhe RF coil and substrate can be more uniform.y and symmetrically heated, by time-averag.ng because , a hot spot 
of sputtering can be avoided. In addition, the coil itself may be more uniformly sputtered and the deposition material . 

*^^£££'*» reactance of the tunab.e variable reactance can be. repeatedly changed during 
the deposition to shift.the voltage distributions along the coil, without requiring corresponding l 7<^™ 1 ^!* 
as a result of the impedance changes. In many applications, it is desirable to match the impedance of the coil and 
assocTa ed impedance circuitry to the impedance of the RF generator so as to minimize the reflection of RF energy 
KSTtc the generator. Here, the vottage distributions can be rotated during the deposition without having to rematch 
impedances because the combined impedances of the coil and the impedance network can remair .substantia^ con- 
sTant even though the reactance of the tunable variable reactance is repeatedly changed during the deposttion. 

n one embodiment, the tunable variable reactance includes a pair of tunable inductors and a pair of linked core 
nieces movably disposed within the pair of tunable inductors in which one of the pair of tunable inductors is pos.tioned 
between the RF coil and the ground. As explained in greater detail below, the core pieces compensate each change 
fn th Hnductive reactance of one tunable inductor of. the pair with a corresponding substantially equal but opposite 
chlnge fn Selnductive reactance of the other tunable inductor of the pair so as to keep the sum of the unduct.ve 
reactances of the tunab.e inductors of the pair substantial.y constant. As a result, the need to rematch the RF coil 
impedance once the RF coil impedance has been adequately matched, can be reduced or eliminated. 

In an alternative embodiment, the tunab.e variable reactance includes a pair of variable capacitors and a dielectric 
piece movably disposed within the pair of variable capacitors in which one of the pair of variable capacrtors is pos.tioned 
bltweTn the RF coil and the ground. The dielectric piece compensates a change in the capact.ve reactance of one 
va ^ble capacitor of the pair with a corresponding change in the capacitive reactance of the other variable capac.tor 
of hi "pai' so as to keep the sum of the capacitive reactances of the variable capacitors of the pa, substantially constant 
A preferred embodiment will now be described by way of example only and with reference to the accompanying 

drawings in vjew of a p)asma gener ating chamber for sputter depositing a layer 

in a manner in accordance with an embodiment of the present invention. 

Rg 2 is a schematic diagram of the electrical interconnections to the plasma generating chamber of Rg. 1 
Rg S f is a schematic diagram according to one embodiment ol the impedance-matching network and the plasma 

9en Rg4Ts a'sXmaldiagram according toanother embodiment of the impedance^atching network and the plasma 
generating f^^s'ectiona. schematic view of a pair of tunable inductors in accordance with an embodiment 

° f ,h Fig Pre 6 isa grap n h ""strafing results of calculations of induction values in accordance with the embodiment of FigJ;. 
R 9 : 7 is a partial cross-sectional schematic view of a pair ol tunable inductors in accordance with another embod- 

ime Rg eTs apart*, c'stsectiona. schematic view of a pair o, tunab.e inductor coils in accordance wtth yet another 
nT's s^^^~^ 9 to yet another embodiment of the impedance^atching network and the 
P,aS R a g ToTs^hfmatltam according to still yet another embodiment o, the impedance^atching network and 
so the plasma ^ g tQ yet M another embodime nt of the impedance-matching network and 

T^sTS2^^p^ g to one more embodiment of the impedance-matching network and the 

ss P ' aS Fig ^sZTgfaTZ^g^ns in RF voltage distribution along a coil as a function of impedance change 

Referring first to Figs 1-2 an example of a plasma generator used in accordance with an embodiment of the 
preset .Invention comprises a substantially cylindrical plasma chamber 100 which is received ,n a vacuum chamber 
P 02 (represented schematically in Fig. 2). The plasma chamber 100 of this embodiment has a helical coil 104 which 
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is carried internally of the vacuum chamber walls by a chamber shield 106 which protects the interior walls of the 
vacuum chamber 102 from the material being deposited within the interior of the plasma chamber 100. In accordance 
with one preferred aspect of the present invention, the reactance between the RF coil 104 and ground can be contin- 
uously or repeatedly tuned during a sputtering operation to cyclicly shift or rotate the RF voltage distributions. along 

5 the RF coil 1 04, and to shilt the associated ionization of the plasma. As a consequence, the RF coil 104 and substrate 
112 are more uniformly and axially symmetrically heated, and the deposition material is more uniformly sputtered from 
the coil, by time-averaging. Further, the need to rematch the RF coil, impedance once the RF coil impedance has been 
adequately matched can be eliminated notwithstanding the fact that the reactance between the RF-coil 104 and the 
ground is repeatedly changed to shift the voltage distributions along- the RF coil 104. 

10 An ion flux strikes a negatively biased target 110 positioned above the plasma chamber 100. The plasma ions 

eject material Irom the target 1 1 0 onto a substrate 1 1 2 which may be a wafer or other workpiece supported by a pedestal 
114 at the bottom of the plasma chamber 100. An optional rotating magnet assembly 116 may be provided above the 
target 110 to produce magnetic fields which sweep over the face of the target 110 to promote uniform erosion by 
sputtering of the target 110. 

75 Radio frequency (RF) energy from an RF generator 300 (Fig. 2) is radiated from the coil 104 into the interior of 

the plasma chamber 1 00, which energizes a plasma within the plasma chamber 1 00. The deposition material sputtered 
from the target 1 1 0 passes through the plasma energized by the coil 1 04 prior to being deposited on the substrate 11 2. 
A portion of the deposition material passing though the plasma is ionized by the plasma. The ionized deposition material 
is then attracted to a negative potential on the substrate 112. In this manner, the ionized deposition material is redirected 

20 to a more vertical path which facilitates depositing more material into high aspect ratio openings in the substrate. 
Although the illustrated embodiment is described in connection with sputter deposition, it is contemplated that the 
present invention is useful in connection with etching as well. 

Fig 2 includes a schematic representation of the electrical connections of the plasma generating apparatus of this 
illustrated embodiment. To sputter target material onto the substrate 112, the target 110 is preferably negatively biased 

25 by a variable DC power source 302 to attract the ions generated by the plasma. In the same manner, the pedestal 1 1 4 
may be negatively biased by a variable RF power source 304 to bias the substrate 112 negatively to attract the ionized 
deposition material to the substrate 112. In an alternative embodiment, the pedestal 114 may be biased by a high 
frequency AC power source to bias the substrate 112 so as to attract the ionized deposition material more uniformly 
to the substrate 112. In yet another alternative embodiment, external biasing of the substrate 112 may be omitted. 

30 One end b of the coil 104 is coupled to an RF source such as the output of an amplifier "396 and impedance- 

matching network 306, the input of which is coupled to the RF generator 3Q0. The other end d of the coil 1 04 is coupled 
to ground, preferably through a capacitor 308, which may be a variable capacitor. The amplifier 396 and impedance- 
matching network 306 adjust the combined impedances of the RF coil 1 04 and the network 306 to match the impedance 
of the RF generator 300 so that RF energy will be efficiently transmitted from the RF generator 300 to the RF coil 104 

35 rather than being reflected back to the generator 300. 

As set forth above, it has been noted that the RF voltage distributions along the coil 104 can influence various 
properties of the plasma. These plasma properties including the plasma density and potential profiles, and ion bom- 
bardment of the coil 1 04 and substrate 112 being deposited. Because the instantaneous RF voltage distributions along 
the coil 104 are not uniform and are not axially symmetric about the symmetry axis of the coil 104, nonuniform and 

40 asymmetrical heating of both the coil 104 and the substrate 112 can occur as well as nonuniform sputtering of the coil 
and deposition of material on the substrate 112. Thus, nonuniform and asymmetrical heating of the coil 104 can cause 
reliability problems, in that portions of the coil 104 may become too hot and deform, and may also lead to the flaking 
of particulates deposited on the coil 104 which can contaminate the substrate 112. The nonuniform and asymmetrical 
instantaneous RF voltage distributions along the coil 1 04 and the consequent nonuniform effects can be most prominent 

45 when the coil 104 is a single turn coil. 

The reactance between the RF coil 104 and the ground can be continuously changed or tuned in repeating cycles 
during a sputtering operation to vary or move the RF voltage distributions along the RF coil 104, and thereby also 
rotate the ionization profile of the plasma. As the voltage profile is varied to continuously move the minimum, peak or 
other reference points of the voltage around the coil in an orbital or other path about the plasma region, the regions of 

so plasma having varying ionization fractions, or rates may in effect rotate about an axis within the plasma region. As a 
consequence, the RF coil 104 and substrate 112 can be more uniformly and axially symmetrically heated, and the 
target material can be more uniformly deposited, by time-averaging, because the regions of highest to lowest ionization 
fraction (or plasma density) can more equally contribute to sputtering of the coil and target. Furthermore, the need to 
rematch the RF coil impedance once the RF coil impedance has been adequately matched can be eliminated notwith- 

55 standing the fact that the reactance between the RF coil 104 and the ground is continuously or repeatedly changed to 
shift the voltage distributions along the RF coil 104. 

Fig. 3 is a schematic diagram illustrating one embodiment of an impedance-matching network 306 having an input 
capacitor 310 with a variable capacitance C in , a parallel match capacitor 312 with a variable capacitance C match and 
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a series match inductor 314 with an inductance coupled through the vacuum chamber 102 tc .one end of the 

0 0 Ticking capacitor 308 is coupled through the vacuum chamber 102 to the other end of ,the > co.l 104. The 
rl 04 has an associated inductance L^, and a resistance R as shown by an equivalent res.stor 316 and mductor 
317 Z in P uTof thelmped'ance-matchtg ^work 306 is coupled to the RF generator 300 through RF ,nput 307 

One function of the network 306 is to match the impedance of the coil 104 combined w.th that of the network 30Q 
to th??mpedanTe of the RF generator 300 to minimize the reflection of RF energy back to the generator o maxim.ze 
the coupHng o? rJ energy from the coil 1 04 to the plasma in the chamber. Accordingly, for a particular co,l 'mpedance 
. of Se co 104, the values of the input capacitor 310, match capacitor 312 , match mductor 314, and block.ng 
caoac t^r 30 a Chosen to provide a Cose match to the RF generator impedance which may be 50 ohms^ for example^ 
'nTmannrsimMar to that of prior impedance matching circuits, the impedances of the input capaator q and match 
ciLdtor C Tay be finely tuned both prior to deposition and a.so during deposition to ach.eve and maintam a more 
orecise match by adjusting the variable capacitances of the input capacttor 310 and matcn capac.tor 3 2 

The 7a ue Z k of the blocking capacitor 308. like that of blocking capacitors of prior .mpedance match.ng c.rcurt* 
is a Jo chosen 30 a 1 to provide a targe impedance to the RF energy being applied to the coil 104, so that ^e co,. 1 04 
ivetoptrsubstantial DC bias. However, in accordance with one aspect of the present invention, the .mpedance value 
C of th S 9 capacitor may nonetheless be changed in repeating cycles during the deposition so as to eye cly 
shlfUhe Sstribution of voltages around the coil 1 04 so as to increase the uniformity of sputtenng rate and co.l heatmg 
fnr Pach Dorlion ot the coil 1 04. This may be understood from the following: 

The enecTve potential difference V eff between any two points of the atternafing current (AC) senes arcu from 
point^a to poin e in Fig. 3 equals the product of the effective currenl l eB and impedance Z of the AC arcu, between 
the re^e points. The effective potential difference V ab between points a and b across series .nductor 314 w,th an 
inductance L malch is given by 

where the impedance Z ab across series inductor 31 4 with an inductance L mateh is given by 



30 Zat, = J^ ab + ^at = X L ma , ch = 

where the inductive reactance X, of an inductor with inductance L is given by X^coL where co is the angular frequency 
of the instantaneous potential difference v given by 

v= V max sm(<ot) = V2V eff sin(cof) = ^2 V aff sin(27ift) 
where f is the frequency (in Hertz) and where the instantaneous current i is given by 

, = / sin(<or-(|>) = V2/ eff sin(cof-(!)) - V2/sin(cof-<t>) 



and the phase angle <D ab between the instantaneous potential difference v ab and the instantaneous current i across 
as series inductor 314 with an inductance is given by 



cb . = tan" 1 

^ Lin 



{ v 1 




mutch J 


= tan 1 











= tan (+°°) = * — - 



so that the instantaneous potential difference v ab across series inductor 314 leads the instantaneous current i in the 
Series inductor 314 by 90° and the effective potential difference V ab is equa. to koL malch between po,nts a and b across 

ss -" e T ^^°; v 3 e 1 p 4 otentja| djfference belween points b and c across series resistor 31 6 with an effective resistance 
R is given by 
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where the impedance 2 bc across series resistor 316 with an effective resistance R is given by 



where the phase angle 4> bc between the instantaneous potential difference v bc and the instantaneous current i across 
10 series resistor 316 with an effective resistance R is given by 











75 


4>, c = tan 1 


, "* J 


. tan •( 



it) - 



= tarT'fO) = 0 



so that the instantaneous potential difference v bc across series resistor 31 6 is in phase with the instantaneous current 
i in the series resistor 316 and the effective potential difference V bc is equal to IR between points b and c across series 

20 resistor 316. . u. 

The effective potential difference V cd between points c and d across coil 104 with an inductance L^, is given by 



25 



30 



35 



where the impedance Z cd across coil 104 with an inductance L coil is given by 



L co// 



where the phase angle (|> cd between the instantaneous potential difference v cd and the instantaneous current i across 
coil 104 with an inductance L coi , is given by 



4>, 



tan 



<x>L. 



tan 



0 



= tan" l (^co) = * — 



40 so that the instantaneous potential difference v cd across coil 104 leads the instantaneous current i in the series inductor 
by 90° and the effective potential difference V cd is equal to koL coi , between points c and d across coil 104. 

The effective potential difference V de between points d and e across blocking variable capacitor 308 with a variable 
capacitance C block is given by 



45 



50 



where the impedance Z de across blocking variable capacitor 308 with a variable capacitance C bleck is given by 

: J#de + *de = X C blQCk = COC, 



-de' 



'block 



where the capacitive reactance X c of a capacitor with capacitance C is given by ^(coC)^ and the phase angle <t> de 
55 between the instantaneous potential difference v de and the instantaneous current i across blocking variable capacitor 
308 with a variable capacitance C block is given by 
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= tan ( -*> ) = — 



so that the instantaneous potential difference v de across blocking variable capacitor 308 lags the instantaneous current 
i in the blocking variable capacitor 308 by 90° and the effective potential difference is equal to l(wC block )"i between 
10 Doints d and e across blocking variable capacitor 308. 

For a qiven angular frequency o>, the blocking variable capacitor 308 may be chosen to have a variable capacitance 
C u - so that the effective potential difference V de =l«»C bl0Ck )- 1 between points d and e across blocking variable ca- 
Dacitor 308 is substantially equal to the effective potential difference V cd =koL coil between points c and d across coil 
1 04 The instantaneous potential difference V<Je across blocking variable capacitor 308 would then lag the instantaneous 
notential difference v cd across coil 104 by 180° and the instantaneous potential difference v de across blocking variable 
capacitor 308 consequently would be completely out of phase with the instantaneous potential difference v cd across 
coM 104 iqnoring the effect of any bias induced on the coil such as a substantially constant DC oflset bias or a DC 
self -bias, the effective potential V vanishes (V=0) at point c so that a hypothetical voltmeter (not shown) measuring the 
ootential differences between point c and point e would read zero. 0 „ 0 

For a particular angular frequency co, the variable capacitance C bloek of the blocking vanable capacitor 308 may 
be chosen so that the effective potential difference V^XcdC,,^)" 1 between points d and e across blocking variable 
caDacitor 308 is substantially equal to half the effective potential difference V cd =koL coH =2V de =2l(coC block )- between 
oointsc and d across coil 104. The instantaneous potential difference v de across blocking variable capac.tor 308 would 
aoain laq the instantaneous potential difference v cd across coil 104 by 1 80° and the instantaneous potential difference 
v across blocking variable capacitor 308 consequently would again be completely out of phase with the instantaneous 
potential difference Vcd across coil 1 04. Again, ignoring for the moment any DC offset bias or a DC self-bias, the effective 
ootential V vanishes (V=0) at a point along the coil 104 substantially halfway between point c and point d so that a 
hypothetical voltmeter (nol shown) placed between the point (substantially halfway between point c and point d) and 

P ° lnt sfm^arly the variable capacitance C block of the blocking variable capacitor 308 may be chosen so that the effective 
potential difference V de =l(coC blocl< )-i between points d and e across blocking variable capacitor 308 is substantially 
equa" to n"i times the effective potential difference V cd =.coL coiF nV de =nl((oC block )^ between points c and d across coil 
104 where n is any positive real number. The instantaneous potential difference v de across blocking variable capacitor 
308 would again lag the instantaneous potential difference Vcd across coil 1 04 by 1 80° and the instantaneous potential 
difference vT across blocking variable capacitor 308 consequently would again be completely out of phase with the 
TnstantaneoSs potential difference v cd across coil 104. It is believed that the effective potential V vanishes (V=0) at a 
ooint along the coil 104 substantially (n-1 Jn" 1 of the way between point c and point d so that a voltmeter (not shown) 
between the point (substantially (n-1)n"i of the way between point c and point d) and point e would read zero. In the 
HmiUhat n becomes very large, the point where the effective potential Vvanishes (V=0) along the coil 104 approaches 

40 a ™™^^° ^ nstant angu | ar f requen cy to, the variable capacitance C bloek of the blocking variable capacitor 
308 may be chosen so that the effective potential difference V^KcoC^)^ between points d and e across b ock.ng 
variable capacitor 308 is substantially equal to (n-1 Kr 1 times the effective potential difference V cd =lcoL coi ,=(n-1 ) nV de - 
rn-1)-inl(coC hl(iek )- 1 between points c and d across coil 104. where n is any positive real number. The instantaneous 
as potential difference V<Je across blocking variable capacitor 308 would again lag the instantaneous potential difference 
v across coil 104 by 180° and the instantaneous potential difference v* across blocking variable capacitor 308 
consequently would again be completely out of phase with the instantaneous potential difference Vcd across coil 10* 
lanorinq any DC offset bias or a DC self-bias, the effective potential V vanishes (V=0) at a point along the coil 104 
substantially ^ of the way between point c and point d so that a voltmeter (not shown) between the point (substantially 
n-1 of the way between point c and point d) and point e would read zero. In the limit that n becomes very large, the 
ooint where the effective potential V vanishes (V=0) along the coil 104 approaches arbitrarily close to po.nt a 

The above examples demonstrate that the variable capacitance C block of the blocking variable capac.tor 308 may 
be chosen so that the effective potential V may be made to vanish (V=0) at any point along the coil 104 between point 
c and ooint d This ability to vaiy over time the point along the coil 1 04 at which the effective potential V vanishes (V=0) 
mav be used to shift the RF voltage distributions along the coil 104, and to shifl the ionization of the plasma. As a 
consequence the coil 104 and substrate 112 are more uniformly and axially symmetrically heated, and the material 
sputtered from the larget 110 can be more uniformly ionized and deposiled, by time-averaging, on the substrate 112. 
When the coil 104 is biased by a substantially constant DC offset bias, or a DC self-bias, V bias , the variable ca- 
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pacitance C block of the blocking variable capacitor 308 may be chosen so that the effective potential V may be made 
to equal the substantially constant DC offset bias or the DC self-bias (V=V bias ) at any point along the coil 104 between 
point c and point d. This ability to vary over time the point along the coil 104 at which the effective potential V equals 
the substantially constant DC offset bias or the DC self -bias (V=V bjas ) may also be used to shift the RF voltage distri- 

5 butions along the coil 104, and to shift the ionization ol the plasma. As a consequence, the coil 104 and substrate 112 
are more uniformly and axially symmetrically heated, and the material sputtered from the target 110 is more uniformly 
deposited, by time-averaging, on the substrate 112. 

Fig. 13 is a graph depicting one example of how the RF voltage distributions may shifr along the coil as the im- 
pedance of the blocking capacitor C block is changed during deposition. In Fig. 13, the distributions of peak to peak RF 

io voltage V on the coil 104 are shown as a function of position on the one turn coil 104 represented by coil angle a 
(Fig. 2) in P which coil angle o=0° corresponds to end d (Fig. 3) of the coil and coil angle o=360° corresponds to end b 
of the coil 104 at which the RF feedthroughs are coupled to the coil. These distribution are based upon voltage meas- 
urements at two locations on the coil (o=0° and o=360° ). The voltage values depicted for the remaining coil locations 
(0° < a <360° ) are expected values rather than measurements. 

is In one distribution, when the capacitance of the blocking capacitor C block has a value of 0.04 uJ , the peak to peak 

RF voltage V at end o=0° may start at 300 volts and is believed to decrease to 0 volts at approximately coil location 
a = 90°. The RF voltage then increases at succeeding locations around the coil until the other end b of the coil (o=360°) 
is reached where the peak to peak RF voltage has a value of approximately 600 volts. Because the peak to peak 
voltage is greatest at the coil location corresponding to coil angle o=360° , a hot spot may develop at that point. However, 

20 if the capacitance of the blocking capacitor C b , ock is changed to another value while the deposition is proceeding, the 
hot spot may be shifted. 

Thus, if the capacitance of the blocking capacitor C block is changed to 0.02 uf , for example, the voltage distribution 
will shift in this example so that the distribution is effectively reversed as shown. More specifically, at this capacitance, 
the peak to peak RF voltage V pp at end a=0° may start somewhat above 600 volts and is believed to continuously 

2S decrease at succeeding locations around the coil until coil location a* 240° is reached where V pp is believed to be 
equal to 0 volts. The RF voltage then increases until the other end b of the coil (<*=360°) is reached where the peak 
to peak RF voltage has a value of approximately 300 volts. Accordingly, the hot spot will shift to the other end of the 
coil at coil angle a=0°. By appropriately changing the impedance of the blocking capacitor C b)ock as the deposition 
proceeds, the hot spot may be shifted to intermediate positions along the coil circumference to more evenly distribute 

30 the hot spots and thus more evenly heat and sputter the coil. 

As the voltage distribution is shifted, the maximum and minimum values along the coil can change as well. Thus, 
as shown in Fig. 1 3, if the capacitance of the blocking capacitor C block is changed to 0.01 |if , for example, the voltage 
distribution will shift in this example so that the peak to peak RF voltage V pp at end o=0° may start at close to 0 volts 
and may continuously increase until the other end b of the coil (o=360°) is reached where the peak to peak RF voltage 

35 has a value of approximately 800 volts. Accordingly, the maximum and minimum values of the voltage distribution may 
change as well as the locations of the maximum and minimum values as the impedance is changed as the deposition 
progresses to more evenly heat and sputter the coil. 

In those applications where a high degree of impedance matching is desired, the impedance of the input capacitor 
310 or the match capacitor 312 may be adjusted so as to maintain a good match as the. impedance of the blocking 

40 capacitor 308 is varied to rotate the voltage distributions around the coil 104. However, in some applications, the 
changes in impedance of the blocking capacitor 308 may be of a magnitude for which the matching circuit may expe- 
rience difficulty in quickly matching these changes to maintain good energy throughput to the coil 104. Fig. 4 is directed 
to another embodiment which reduces or eliminates the need for tuning the impedances of matching components in 
response to changes to component impedances for the purpose of shifting or rotating voltage distributions around the 

45 coil 

Fig 4 schematically shows another embodiment of an impedance-matching network 306a which, like the network 
306 includes a series variable input capacitor 31 0, a parallel variable match capacitor 312. However, instead of the 
match inductor 314, the network 306a has a series tunable inductor 318 with a tunable inductance coupled 
through the vacuum chamber 102 to one end of the coil 104. Also, the network includes a block impedance 321 corn- 
so prising a series tunable inductor 320 with a tunable inductance L tune2 , and a blocking capacitor 308a with a capacitance 
C bl In accordance with another preferred aspect of the present invention, the impedance values of components 
othe°r than that of the blocking capacitor may be repeatedly changed during the deposition so as to shift the distribution 
of voltages around the coil 104. This may be understood from the following: 

55 w _ 12 . 

v ab - l/L ab 

Here, the impedance Z ab across series tunable inductor 318 with a tunable inductance L tune1 is given by 



8 



SNSDOCID: <EP 0878826A2_L> 



EP0 878 826 A2 



tunel 



and the phase angle 4> ab between the instantaneous potential difference v ab and the instantaneous current i across 
series tunable inductor 318 with a tunable inductance L tune1 is given by 



10 



ah 



~ tan 



f X N 

' A ah 



= tan 




r tan (+») = — 



so that the instantaneous potential difference v ab across series tunable inductor 318 leads the instantaneous current 
is i in the series tunable inductor 318 by 90° and the effective potential difference V ab is equal to lcoL lune1 between points 
a and b across tunable inductor 318. 

As set forth above, the eflective potential difference V bc between points b and c across series resistor 316 with an 

effective resistance R is given by 



20 



and the instantaneous potential difference v cd across coil 104 leads the instantaneous current i in the ser.es .nductor 
bv 90° and the effective potential difference V cd is equal to koL^, between points c and d across coil 1 04. 
2S The effective potential difference V de between points d and e across series tunable inductor 320 wrth a tunable 

inductance L, une2 is given by 



so 



where the impedance Z de across series tunable inductor 320 with a tunable inductance L, one2 is given by 



35 



tune2 



and the phase angle <|> de between the instantaneous potential difference v de and the instantaneous current i across 
series tunable inductor 320 with a tunable inductance L tune2 is given by 



40 



' X ^ 



= tan 



tune 2 



- tan"' ( -wo) = *■ 



45 so that the instantaneous potential difference v de across series tunable inductor 320 leads the instantaneous current 
i in the series tunable inductor 320 by 90° and the effective potential difference V de is equal to lcoL tune2 between po.nts 
d and e across tunable inductor 320. 

The effective potential difference V ef between points e and f across blocking capacitor 308a with a f.xed capacitance 

50 C block is given by 

v e <= iz e1 



55 



where the impedance Z ef across blocking capacitor 308a with a capacitance C block is given by 
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Z ef~ J&if + X C 



'block MC bfock 



5 and the phase angle 0 ef between the instantaneous potential difference v ef and the instantaneous current i across 
blocking capacitor 308a with a capacitance C block js given by 



10 



4>„- = 



= tan 



Woe* 



= tan ! ( -~) = -~ 



75 



20 



25 



30 



so that the instantaneous potential difference v ef across blocking capacitor 308a lags the instantaneous current i in 
the blocking capacitor 308a by 90° and the effective potential difference V ef is equal to ICccC^^)" 1 between points e 
and f across blocking capacitor 308a. 

For a given angular frequency co, the series tunable inductor 320 may be chosen to have a tunable inductance 
L tune2 so that the effective potential difference V de =loL tune2 between points d and e across tunable inductor 320 is 
substantially equal to the difference between the effective potential difference V ef =l(«C block )- 1 between points e and f 
across blocking capacitor 308a and the effective potential difference V cd =lcoL coil between points c and d across coil 
104, so that V de =lcoL tune2 =V ef V cd =l(coC block )--'-lo ) L cojl . The instantaneous potential difference v ef across blocking ca- 
pacitor 308a would then lag both the instantaneous potential difference v cd across coil 104 and the instantaneous 
potential difference v de across series tunable inductor 320 by 1 80° and the instantaneous potential difference v ef across 
blocking variable capacitor 308a consequently would be completely out of phase with both the instantaneous potential 
difference v cd across coil 1 04 and the instantaneous potential difference v de across series tunable inductor 320. Ignoring 
any DC offset bias or a DC self-bias, the effective potential V vanishes (V=0) at point c so that a voltmeter (not shown) 
between point c and point f would read zero. 

Similarly, the series tunable inductor 320 may be chosen to have a tunable inductance L, une2 so that the effective 
potential difference V de =lcoL tune2 between points d and e across tunable inductor 320 is substantially equal to the 
difference between (n-1 J* 1 n times the effective potential difference V ef =l (coC^^)- 1 between points e and f across block- 
ing capacitor 308a and the effective potential difference V^lcoL^, between points c and d across coil 104, so that 



35 



40 



45 



SO 



V de =l (0L tune2=( n " 1 f nV ef Vcd^ 0 " 1 f "K^Noc*)" 1 



koL 



coil' 



55 



where n is any positive real number. The instantaneous potential difference v ef across blocking capacitor 308a would 
then lag both the instantaneous potential difference v^ across coil 104 and the instantaneous potential difference v de 
across series tunable inductor 320 by 180° and the instantaneous potential difference v de across blocking variable 
capacitor 308a consequently would be completely out of phase with both the instantaneous potential difference v cd 
across coil 104 and the instantaneous potential difference v de across series tunable inductor 320. Again, ignoring any 
DC offset bias or a DC self-bias, the effective potential V vanishes (V=0) at a point along the coil 104 substantially n' 1 
of the way between point c and point e so that a voltmeter (not shown) between the point (substantially n" 1 of the way 
between point c and point e) and point f would read zero. In the limit that n becomes very large, the point where the 
effective potential V vanishes (V=0) along the coil 104 approaches arbitrarily close to point c. 

Thus, the tunable inductance L, une2 of the series tunable inductor 320 may be chosen so that the effective potential 
V may be made to vanish (V=0) at substantially any point along the coil 104 between point c and point d. This ability 
to vary over time the point along the coil 1 04 at which the effective potential V vanishes (V=0) may be used to shift the 
RF voltage distributions along the coil 104, and to shift the ionization pattern associated with a particular voltage dis- 
tribution. As a consequence, the coil 104 and substrate 112 can be more uniformly and axially symmetrically heated, 
and the material sputtered more uniformly from the coil 104. 

In addition the two series tunable inductors 318 and 320 may be tuned substantially simultaneously in a comple- 
mentary fashion so that the sum of the tunable inductances (L, unel + L tune2 ) remains substantially constant. Such an 
arrangement can reduce or eliminate the need for rematching the impedances of the coil 104, the blocking impedance 
321 and the matching network 306a as the impedance of the tunable inductor 320 is varied to rotate the voltage 
distribution along the coil 104. As shown in Fig. 4, the matching capacitor 312 and the input capacitor 310 of the 
■matching network 306a are coupled to an impedance which is the impedance of the series coupled components from 
point a to point f in Fig. 4. This impedance, which may be represented as the impedance Z af , is defined by the imped- 
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ances of these components, including the coil 104, as set forth below: 



/ ' 1 A2 

•' J** + ( ( °> L tune1 + *» L coi, + 0)L .une2^ " £c^J 

It is seen that if the impedances of the coil 1 04 (i.e., (F* + coL coil )2)*) and the blocking capacitor 308a (i.e., 1/<<**£ 
are Sea and the sum of the impedances of the tunable inductances 318 and 320 (. e <oL , + coL 2 ) is also 
rnnlmnt that the impedance Z,. of the series coupled components from po.nt a to po.nt f ,n F.g. 4 will be constant 
Z^^^Sdm^ -lL. of the tunable inductor 320 can be repeatedly changed to rotate the voltage d,s- 
trrtionTong the coil 104. Indffthe change of the impedance Z* with time ,s behaved to be g,ven by. 




usina the fixed impedances of the coil 104 and the blocking capacitor 308a, which shows that the .mpedance 2,, s 
constant p rovided 'hat the sum of the impedances of the tunab.e inductances 318 and 320 (,.e. coL tune1 * coL, 2 ) . 
cons an T£ believed that when the resistance R of the coil 1 04 is negligible ,n companion to the reactance (,.e., R 
« l tone1 * coL cojl * coL tune2 - 1/«DC btock )>. then the impedance Z af is approximately: 



so that the change of the impedance Z a , with time is approximately: 

dZ 3f d(<oL wne1 ) + d(t.»L tune2 ) 
~~dt ~ - dt + off 

which again substantially vanishes as long as the sum of the impedances of the tunable inductances 318 and 320 (i. 

e 'trs e : u :^ 

to maSn an"mpedance match with the generator 300 as a result of changes to the tunab.e .nductor 320. Instead^ 
In^mente to heinput ca P acitor310and/orthe matching capacitor3l2may be limrtedto those normally encounters 

sis sss! rsrrs;:^ «. « r RF _ a* as *. «, 

.ho tunable induction 320 is varied to rotate the voltage distribution along the coil 1 04. 

TtSicaT'me constant for rematching the impedance of ,he coil 1 04 using typical ^^^^^ 

is on th^ orde of a few seconds for frequency auto-tuning and more than a few seconds for mechanical auto-tun.ng. 
n the embSment of Fig 3, if the variable capacitance Cblock of the variable blocking capacitor 308 ,s vaned £ver hme 

to rotat "he RF voltage distributions along the coil 104. and to rotate the plasma, by t,me-averag,ng, the t.me penod 
eau red of rematching the impedance of the coil 104 using the impedance-match.ng ne work 306 can be > relat.vely 
Z such mat cood matching may be difficult to maintain in certain circumstances. Dunng the rematch.ng t.me penod, 
he R oow tc ^me plasma may be effectively shut off due to RF power reflection caused by the impedances of the 

con 104 the Sing capacL not being sufficiently well-matched to that of the generator. Also the t.me needed 

^ rlmaSn may be too long for relatively short deposition processes such as those lasting only tens o seconds. 

for re mat ch.ng may be too g * b| inductances (L tunel + L, une2 ) substantially constant, 

ch nee 6 ! it S^a^JKwock^g circuit 321 (by varying the inductance of the tunab.e inductor 320) 

fo To ate the oLgTdistribution along the coi. does not cause the circuit to lose its match to the ^^^3^ 
he embodiment of Fig. 4 is well suited to those applications which require the ma.ntenance of a good impedance 
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match to prevent undue reflection of the RF energy from the generator. Thus, the embodiment of Fig. 4 may readily 
utilize impedance-matching maintenance by frequency auto-tuning or mechanical auto-tuning as well as for any other 
known matching techniques. 

The sum of tunable impedances such as the inductances (L tunel + L tune2 ) of the inductors 318 and 320 may be 

5 kept substantially constant in a variety of different arrangements. For example, Fig. 5 illustrates an embodiment having 
two tunable inductors 318 and 320 in which the sum of the associated tunable inductances (L^n + Lt un e2) remains 
substantially constant by mechanically coupling the two tunable inductors 318 and 320 together As shown in Fig. 5, 
two substantially identical coils 31 8a and 320a are placed head-to-head in two substantially identical metal boxes 31 8b 
and 320b Two substantially identical core pieces 31 8c and 320c, having openings along their respective substantially 

w colinear axes, are disposed inside the coils 318a and 320a, respectively, and are connected by a substantially rigid, 
hollow and substantially electrically insulating connector 340. A rigid and electrically insulating guiding rod 350 is dis- 
posed along the centers of the metal boxes 31 8b and 320b and the axes of the coils 318a and 320a, and passes 
through the central openings of the hollow core pieces 318c and 320c and through the hollow connector 340. The 
guiding rod 350 is firmly attached to the metal boxes 31 8b and 320b. The core pieces 31 8c and 320c and the connector 

is 340 are adapted to slide along the guiding rod 350, such that the guiding rod 350 mechanically guides the movement 
of the core pieces 318c and 320c and the connector 340. Because the core pieces 318c and 320c are mechanically 
linked together by the connector 340, core pieces 318c and 320c move in unison in and out of their respective coils 
31 8a and 320a, as indicated by the arrow A in Fig. 5. This coupled movement of the core pieces 318c and 320c 
substantially tunes the respective inductances L tune1 and L tune2 of the series tunable inductors 31 8 and 320 substantially 

20 simullaneously. 

The core pieces 318c and 320c may be made of a variety of materials including ferromagnetic materials such as 
soft magnetic core materials or other materials such as stainless steel. Thus, if core piece 318c is made of stainless 
steel 1010, for example, the permeability property of the core piece 318c augments or increases the inductance L, une1 
of coil 318a. This increase is at a maximum when core piece 318c is disposed substantially at the center of coil 318a. 
The distance between the center of coil 318a and the edge of core piece 318c closest to the center of coil 318a is 
represented by "x" in Fig. 5. As the distance x decreases, the inductance L tunel of coil 318a increases. Conversely, as 
the distance x increases, the inductance L tunel of coil 318a decreases. 

Fig 6 is a graph illustrating results of calculations made based upon using a stainless steel 1010 core piece 318c. 
As shown therein, the change in the inductance L lune1 of coil 318a as a function of the distance x is calculated to be 
substantially linear over a certain domain of the displacement x from about x = -0.2 in (-0.5 cm) t6 about x = 0.8 in (2.0 
cm) as shown by the interpolating graph 360. The vertical scale in Fig. 6 is measured in microHenrys (u-H). It is believed 
that' the total change in the inductance L tune1 of coil 31 8a shown in Fig. 6, of about 0.5 uH (which in the illustrated 
embodiment is about 25%), is sufficient for many applications to rotate the RF voltage distributions along the one turn 
coil 104 and to rotate ionization pattern associated with the RF voltage distribution. However, it is also believed that 
35 the entire range of linear change in the inductance of coil 318a with distance x is larger than shown in Fig. 6. 

Thus the available range of substantially linear change in inductors may be relatively large for those applications which 
require a large change during deposition The amount of impedance change required to rotate the voltage distribution 
will depend upon a number of factors including the number of turns of the sputtering coil 104 and in some applications 
the diameter of the coil 104. 

It is contemplated that impedance changes having a lower maximum change may be used to achieve beneficial 
RF voltage and plasma ionization rotations or other movements. For example, an impedance change which varies 
between 0 and 0 1 u-H may provide beneficial shifts. On the other hand, impedance changes having a maximum change 
substantially greater than 0.5 uHenries, including 1 .5 u,H and more may also be beneficial to improve uniformity. Also, 
it is believed that a variable impedance such as an inductor having an oscillating core which changes the inductor 
impedance a maximum of 0.5 uH as described above is sufficient to shift the voltage distribution a full 360° around the 
circumference of the coil each half cycle of the core movement. Voltage distribution shifts over smaller portions of the 
coil circumference such as 270°, 180°, 90° 45° , 30°, 15° and smaller may also be beneficial. Likewise, voltage distri- 
bution shifts on multi-turn coils which lap the coil circumference in whole or in part shifting the voltage distribution 
around more than one turn each cycle or half cycle of the impedance change are also believed to be beneficial. Thus, 
so for example movement of an inductor core from one end to the other of the core's travel path may cause the voltage 
distribution to shift around a plurality of turns and hence around the circumference of the coil several times. Accordingly, 
the voltage distribution may shift an angular distance which is in excess of 360° each half cycle of the core's movement. 

As set forth above, the core pieces 318c and 320c are coupled together by the connector 340 and the guiding rod 
350 As a result an increase in the distance x between the center of coil 318a and the edge of core piece 318c closest 
55 to the center of coil 31 8a, as shown in Fig. 5, causes a corresponding decrease in the distance between the center of 
coil 320a and the edge of core piece 320c closest to the center of coil 320a, also as shown in Fig. 5. In the linear 
regime the inductances L tune1 and L tune2 of the coils 318a and 320a, respectively, change substantially linearly, and 
substantially oppositely, with changes in the distance between the centers of coils 318a and 320a and the edges of 
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10 



15 



20 



respective core pieces318c and 320c closest to the centers ol coils 3.1 8a and 320a. Thus an increase in.the inductance 
L P oUhe coil 318a can be substantial* compensated by a corresponding substantially equal decrease m the «- 
duetance L , of the coil 320a. Conversely, a decrease in the inductance L tune1 of the co.l 318a is substantially com- 
oenited bytcor espondhg substantially equal increase in the inductance L, une2 of the co.l 320a. The sum of the 
inriLtances (L , + L, ,) thus remains substantially constant by coupling the two ser.es tunable inductors 
^SSS^^W » is Sieved that no .matching of the impedance of J^WjJh*. 
RF aenerator 300 is needed, even though the individual inductances. L, unel and L tune2 of the coils 3 8a and 320a each 
change See the sum of the tunable inductances (L, une1 + L tune2 ) thus remains substantia^ constant as set forth ^ above 
Thus bv cyclicly shifting the coupled core pieces 318c and 320c back and forth w.thm the.r respective coMs 318a 
and Sb the inducLces of the inductors 318 and 320 may be continuously and cycl.cly varied ,n such a manner as 
to shltt the co I vo«tage distributions through all or substantially all points along the circumference of the corf 104 n 
receding cycles as the deposition progresses. Moreover, because the sum of the .nductances of the coils 318 and 
320 "emain substantiaHy constant as the individual inductances of the coils 318 and 320 are varied, it ,s beheved that 
th?need Jor impedance rematching as a consequence of the impedance variation is substantially obviated. The core 

31 8c and 320c may be actuated by a motor 352 or any other suitable actuator. 
P Sternatively, the corepieces 318c and 320c may be made of a nonferromagnetic, preferably a highly conduct^ 
ma , P r aTsuch as aluminum or copper. Core piece 31 8c made of copper, for example, dampens or decreases the 
Cancel " ™ 18 Thisdecrease is at a maximum when core piece 318c is disposed substantiaHy at the 
^^?S^l8a. Thus, where the distance x represents the distance between the center of coil 318a and the edge 
of core piece 31 8c closest to .he center of coil 31 8a. as shown in Fig. 5. as the distance x decreases the inductance 
L oFcoif 318a decreases. Conversely, as the distance x increases, the inductance L tune1 of coil 318a increases. 
Again an increase in the inductance L tune1 of the coil 31 8a can be substantially exactly compensated by a correspond^ 
Co decease in the inductance L lune2 of the coil 320a. Conversely, a decrease ,n the mductance L, une1 of the co I 318a 
ci'n be again substantially compensated by a corresponding equal increase in the inductance L, 2 of the co 3^ 
2S Te sum o the tunable inductances (L lone1 + L lune2 ) thus again remains substantiaHy constant by coupling the two 
lehes tunable inductors 31 8 and 320 together as shown in Fig. 5. tess conductive meters such as zinc may also 
hp used but is believed that such materials are less effective. u w 

Because the guiding rod 350 is disposed substantially inside the coils 318a and 320a which can generate sub- 
standee? the guiding rod 350 may be made heat resistant, by forming the rod of a heat resistant matena. such as 
a oeram^ for example. The guiding rod 350 may also be water cooled. Forthe connector 340 disposed substant,al.y 
outs rS'the coils 318a and 1 320a -and between the coils 318a and 320a. heat resistance is less of a concern^ 
° Fig 7 m st>a es another embodiment having two series tunable inductors 322 and 324 that may be tuned i sub- 
stanSlv simultaneously so that the sum of the tunable inductances (L tune1 + L tune2 ) remains substantia y constant by 
coup fng thTtwo series Hunable inductors 322 and 324 together. As shown in Fig^ 7. rather than being , placed so as to 
leoS two substantially identical coils 31 8a and 320a are placed side-by-s.de ,n two substantial* .den ***** 
boxeTs Sb and 320b. Two substantially identical core pieces 318c and 320c, having openings along their respective 
substantial* parallel axes, are disposed inside the coils 318a and 320a, respectively and are connected by a sub- 
stantS hgid hollow and electrically insulating »S"-shaped connector 345. A pair of parallel. ng£ and electncahy 
stan .aiiy ng o disposed along the centers of the metal boxes 318b and 320b and the axes 

K^Tan6paSZo9^e axes of the hollow core pieces 318c and 320c and into the coaxial 
ends 345a and 345b of Si hoSow connector 345. The guiding rods 355a and 355b are firmly attached to the met*. 
hSL 318b and 320b The core pieces 31 8c and 320c and the connector 345 can slide along the guiding rods 355a 
andisbsofnSthe guiding rods mechanically guide the movement of the core pieces 31 8c and 320c and the connector 
MS TWs movement of the core pieces 31 Be and 320c in and out of the coils 31 8a and 320a, as indicated by the arrow 
*s A^n Ffc 7 suCnl^ simultaneously tunes the respective inductances L, une1 and L lune2 of the series tunable induc- 

l ° rS Againledistance x is the distance between the center of coi. 318a and the edge of core piece 318c closest to 
the cenTr'of coil 318a^ as shown in Fig. 7. As the distance x decreases, the inductance L, une1 of co.l 318a decreases. 
Converse y as he distance x increases, the inductance l_ une1 of coi. 318a increases. Again an .ncrease ,n the induct- 
50 IZ L * of the coil 318a is substantially compensated by a corresponding decrease in the inductance 2 of the 
com 320a Conversely, a decrease in the inductance L tune1 of the coi. 318a is aga.n substant.aHy compensated by a 
con J^oa. y . . , , f the coj , 320a The sum of the tunable inductances (L, une i + L lune2 ) 

ss in F Fiq 7 8 illustrates another embodiment having two series tunable inductors 362 and 364 that may be tuned sub- 
stantiSv simul Lneous.y so that the sum of the tunable inductances (L lune1 + L lune2 ) remains substantially constan by 
colpfng the two series tunable inductors 362 and 364 together. As shown in Fig. 8, two substa nfa.ly «™^«* 
318a and 320a are placed side-by-side, with blades 370 protruding from a support rod 380 .nter.eaved between the 
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turns of the coils 318a and 320a. The blades 370 and the support rod 380 may be moved vertically up and down, as 
indicated by the arrow B in Fig. 8, and may thereby substantially simultaneously tune the respective inductances Lt une i 
and L t ne2 of the series tunable inductors 362 and 364. 

The distance y is the distance between the central axis between coil 31 8a and coil 320a and the edge ol the blades. 
5 370 closest to the central axis of coil 318a, as shown in Fig. 8. As the distance y increases, it is believed that the 
inductance L, une1 of coil 318a increases when the blades 370 are made of a ferromagnetic material. Conversely, as 
the distance /decreases, the inductance L tune1 of coil 31 8a decreases when the blades 370 are made of a ferromagnetic 

^Alternatively, as the distance y increases, it is believed that the inductance L tune1 of coil 318a decreases when the 
10 blades 370 are made of a nonferromagnetic material. Conversely, as the distance y decreases, the inductance Lt une1 
of coil 318a increases when the blades 370 are. made of a nonferromagnetic material. 

Again, an increase in the inductance L tune1 of the coil 318a is substantially compensated by a corresponding 
decrease in the inductance L tune2 of the coil 320a. Conversely, a decrease in the inductance L tune1 of the coil 318a is 
again substantially compensated by a corresponding increase in the inductance L, une2 of the coil 320a. The sum of 
is , the tunable inductances (L tune1 + L tune2 ) thus again remains substantially constant by coupling the two series tunable 
inductors 318 and 320 together as shown in Fig. 8. 

In each of the embodiments shown in Figs. 5, 7 and 8, the movements as indicated by the arrows A and B are 
substantially linear. Other movements including nonlinear and rotary movements may also be used. However, it is 
preferred that the movement in coil 31 8a be substantially compensated by a corresponding movement in coil 320a, 
20 for example, by suitably coupling the two series tunable inductors 318 and 320 together. 

Fig 9 schematically shows yet another embodiment of an impedance-matching network 306b which is described 

in greater detail in copending application Serial No. ; . filed entitled "Use of 

Variable Impedance to Control Coil Sputter Distribution- by Jim van Gogh and John Forster (Attorney Docket No. 
1737/PVD/DV) and assigned to the assignee of the present application, which application is incorporated herein by 
25 reference in its entirety. The network 306b is similar to the impedance-matching network 306 of Fig. 3 except that a 
block impedance 321a is provided by a set of blocking capacitors 324, 326, 328 and 330 with discrete capacitances 
C , C 2 , C 3 and C 4 , respectively. Each capacitor may be selectively coupled to the coil through switch 322. 

1 Here too when the coil 104 is biased by a substantially constant DC offset bias, or a DC self-bias, V bias , the 
discrete capacitance values of the switchable set of blocking capacitors 324, 326, 328 and 330 may be cyclicly selected 
using the switch 322 so that the effective potential V may be made to equal the substantially constant DC offset bias 
or the DC self-bias (V=V bias ) at a corresponding number of spaced points along the coil 104 between point c and point 
d in repeating cycles. The number and spacing of these points along the coil is determined by the number of capacitors 
and their respective capacitive values. This ability to vary over time the points along the coil 104 at which the effective 
potential V equals the substantially constant DC offset bias or the DC self-bias (V=V bjas ) may also be used to shift the 
RF voltage distributions to these discrete points along the coil 104, and to shift the ionization pattern of the plasma. 
As a consequence, the coil 1 04 and substrate 1 1 2 are more uniformly and axially symmetrically heated, and the material 
sputtered from the target 110 may be more uniformly deposited, by time-averaging, on the substrate 112. The switch 
322 for selecting the capacitors may be a mechanical, electromechanical, or electronic switch. The capacitors may be 
selected in a sequential manner to shift the voltage distribution to four points in sequence along the coil 104 in repeating 
cycles as the deposition progresses. If the capacitor values are selected in order of increasing (or decreasing) capacitive 
value the coil voltage distribution will be rotated as each capacitor is selected in turn. Alternatively, the capacitors may 
be selected in various orders or sequences in each cycle including random and pseudo-random sequences to shift 
the voltage distribution around the coil to achieve the desired coil heating or coil sputtering pattern on the coil 104. It 
is further contemplated that discrete inductors may be substituted for or used in combination with the switched discrete 

45 capacitors. , ' „ , . L . ., 4 

Fig 10 schematically shows still another embodiment of an impedance-matching network 306c which is similar to 
the impedance-matching network 306 of Fig. 3 except that a series variable capacitor 332 with variable capacitance 
C is provided instead of the series match inductor 314 with inductance L^^. Here, again, when the coil 104 is 
biased by a substantially constant DC offset bias, or a DC self-bias, V bias , the variable capacitance C block of the variable 

50 blocking capacitor 308 may be chosen so that the effective potential V may be made to equal the substantially constant 
DC offset bias or the DC self-bias (V= V bias ) at any point along the coil 1 04 between point c and point d, thereby rotating 
the RF voltage distributions along the coil 104, and rotating the plasma ionization pattern, so that the coil 104 is more 
uniformly and axially symmetrically heated and sputtered, and the material sputtered from the target 110 is more uni- 
formly deposited, by time-averaging, on the substrate 112. In addition, the two series variable capacitors 332 and 308 

55 may be tuned substantially simultaneously so that the sum of the variable capacitive reactances (coC tune )' 1 + (toC^^)- 1 
remains substantially constant by coupling the two series variable capacitors 332 and 308 together so that an increase 
in the capacitance of one capacitor is compensated by an appropriate decrease in the capacitance of the other, and 
vice versa This may be achieved, for example, by mechanically moving the plates of the capacitors so as to change 
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the respective spacings between the capacitor plates in tandem, or moving dielectrics between the plates in tandem. 

° f b As a consequence, the need for rematching the impedance ofthe coil 1 04 using the impedance-matching network 
306c once a good match hasten made between the coil 104 and the RF generator 300 (Fig. 2) can be reduced or 

eliminated. schematjca||y &m yet another embo diment of an impedance-matching network 306d which is similar 

to the impedance-matching network 306c of Fig. 3 except that a series tunable inductor 334 with tunable inductance 
L is provided instead of the series variable capacitor 332 with variable capacitance C lune . In this embodiment, 
keeoina the difference between the tunable inductive reactance and the variable capacitive reactance o>L tune - (toC. 

)-i substantially constant, by coupling the series tunable inductor 334 and the variable capacitor 308 together, 
advantageously eliminates the'need for rematching the impedance of the coil 104 using the impedance-matching 
network 306d once a good match has been made between the coil 104 and the RF generator 300 (Fig. 2). 

Fiq 1 2 schematically shows another embodiment of an impedance-matching network 306e which is similar to the 
impedance-matching network 306a of Fig. 4 except that a series variable capacitor 336 with variable capacitance C tune 
is provided instead of the series tunable inductor 318 with tunable inductance L, une1 and the series tunable inductor 
320 has tunable inductance L tune instead of L lune2 . In this embodiment, again keeping the d.tterence between the 
tunable inductive reactance and the variable capacitive reactance coL tune - «oC lune )- 1 substantially constant, by coupling 
the series tunable inductor 320 and the variable capacitor 336 together, advantageously eliminates the need for re- 
matching the impedance of the coil 104. using the impedance-matching network 306e once a good match has been 
20 made between the coil 104 and the RF generator 300 (Fig. 2). 

The coil 104 is carried on the chamber shield 106 by a plurality of coil standoffs 120 (Fig. 1) which electrically 
insulate the coil 104 from the supporting chamber shield 106. In addition, the insulating coil standoffs 120 have an 
internal labyrinth structure which permits repeated deposition of conductive materials from the target 110 onto the coil 
standoffs 120 while preventing the formation of a complete conducting path of deposited material from the coil 104 to 
the chamber shield 106. Such a completed conducting path is undesirable because it could short the co.l 104 to the 
chamber shield 106 (which is typically grounded). 

RF power is applied to the coil 104 by feedthrough bolts which are supported by insulating feedthrough standoffs 
124 The feedthrough standoffs 124. like the coil support standoffs 120. permit repeated deposition of conductive 
material from the target onto the feedthrough standoff 1 24 without the formation of a conducting path which could short 
the coil 104 to the chamber shield 106. The coil feedthrough standoff 124, like the coil support standoff 120; has an 
internal labyrinth structure to prevent the formation of a short between the coil 104 and the wall 126 of the shield. The 
feedthrough is coupled to the RF generator 300 (shown schematically in Fig. 2) through the impedance-match.ng 
network 306 (also shown schematically in Fig. 2). 

As set forth above, the RF power radiated by the coil 104 energizes the plasma in the chamber to ionize the target 
material being sputtered from the target 110. The ionized sputtered target material is in turn attracted to the substrate 
112 which is at a negative (DC or RF) potential to attract the ionized deposition material to the substrate 11 2. 

In the illustrated embodiments discussed above, a single turn coil 104 was used. but. of course, multiple turn coils 
mav be used instead. Still further, instead of the ribbon shape coil 104 illustrated, each turn of the co.l 104 may be 
implemented with water cooled tubular helix or spiral shaped coils. Also, a flat, open-ended annular ring may be used 
as described in copending application Serial No. 08/680,335, entitled "Coils for Generating a Plasma and for Sputtering. 

" flle Eadl y of < tne 9 embodiments discussed above utilized a single coil in the plasma chamber. It should be recognized 
that the present invention is applicable to plasma chambers having more than one RF powered coil or RF powered 
shields For example, the present invention may be applied to multiple coil chambers for launching helicon waves of 
the type described in aforementioned copending application serial No. 08/559,345. filed November 15, 1995 and en- 
titled "Method And Apparatus For Launching a Helicon Wave in a Plasma" (Attorney Docket No. 938). 

The appropriate RF generators and matching circuits have components well known to those skilled in the art. For 
example an RF generator such as the ENI Genesis series which has the capability to "frequency hunt" for the best 
frequency match with the malching circuit and antenna is suitable. The frequency of the generator for generating the 
RF power to the coil 104 is preferably 2 MHz but it is anticipated that the range can vary. For example, 1 MHz to 20 
MHz is believed suitable. An RF power setting of 1 .5 kW is preferred but a range of 1 .5-5 kW is satisfactory. In addition, 
a DC power setting for biasing the target 110 of 8-12 kW is preferred but a wider range such as 2-24 kW may a so be 
satisfactory. A pedestal 114 bias voltage of -30 volts DC is also suitable. Values for the above parameters will vary, 
depending upon the particular application. 

A variety of sputtering gases may be utilized to generate the plasma including Ar, and a variety of reactive gases 
* uc h as NF, CF„ H,, 0 2 and many others may be used. Various sputtering gas pressures are suitable including 
pressures of 0.1 -100 mTorr. For ionized PVD. a pressure between 10 and 50 mTorr often provides better ionization 
of sputtered material. 
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It will, of course, be understood that modifications of the present invention, in its various aspects, will be apparent 
to those skilled in the art. Other embodiments are also possible, their specific designs depending, upon the particular 
application. 

5 • 

Claims 

1. A semiconductor fabrication system for sputtering material onto a substrate, the system comprising: 

a semiconductor fabrication chamber having a plasma generation area within said chamber; 
said chamber having a target of said material for sputtering; 

a coil carried by said chamber and positioned to couple energy into said plasma generation area to ionize said 
sputtered target material to form a layer of said sputtered target material on said substrate; and 
an impedance-matching box coupled to said coil, said impedance-matching box having a continuously tunable 
variable reactance for time-averaging voltage distributions along said coil. 

2. The system of claim 1 wherein said tunable variable reactance includes a tunable inductor. 

3. The system of claim 1 wherein said tunable variable reactance includes first and second tunable inductors. 

20 

4. The system of claim 3 wherein said tunable variable reactance includes a core piece movably disposed within said 
first and second tunable inductors. 

5. The system of claim 4 wherein said core piece compensates a first change in a first inductive reactance of said 
25 first tunable inductor with a second change in a second inductive reactance ol said second tunable inductor so as 

to keep a sum of said first and second inductive reactances substantially constant. 

6. The system of claims 3, 4 or 5; wherein said first and second tunable inductors are substantially identical. 
30 7. The system of claim 4 wherein said core piece is substantially ferromagnetic. 

8. The system of claim 4 wherein said core piece is substantially nonferromagnetic. 

9. The system of claim 1 wherein said tunable variable reactance includes a variable capacitor. 

35 

10. The system of claim 1 wherein said tunable variable reactance includes first and second variable capacitors. 

11. The system of claim 10 wherein said tunable variable reactance includes a dielectric piece movably disposed 
within said first and second variable capacitors. 

40 

12. The system of claim 11 wherein said dielectric piece compensates a first change in a first capacitive reactance of 
said first variable capacitor with a second change in a second capacitive reactance of said second variable capacitor 
so as to keep a sum of said first and second capacitive reactances substantially constant. 

45 13. The system of claims 10, 11 or 12 wherein said first and second variable capacitors are substantially identical. 

14. The system of claim 1 wherein said tunable variable reactance includes a first inductor having a first movable core, 
and a second inductor having a second movable core mechanically linked to said first core. 

so 15. The system of claim 1 wherein said tunable variable reactance includes a substantially continuously variable ca- 
pacitor. 

1 6. The system of claim 1 wherein said tunable variable reactance includes a variable capacitor and a tunable inductor. 

55 17. a semiconductor fabrication system, comprising: 

a semiconductor fabrication chamber having a plasma generation area within said chamber; 

a coil carried by said chamber and positioned to couple energy into said plasma generation area to maintain 
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a plasma in said plasma generation area, said coil having a plurality of voltages distributed along said coil; and 
means for continuously shitting said distribution of voltages along said coil. 

18. The system of claim 17 wherein said shifting means cyclicly shifts said voltage distribution along said coil. 

19. The system of claim 17 wherein said shifting means comprises a first continuously variable inductor coupled be- 
tween said coil and ground. 

20. The system of claim 1 9 wherein said shifting means comprises an RF generator and a second continuously variable 
10 inductor coupled between said generator and said coil. 

21. The system of claim 20 wherein said first inductor has a first movable core and said second inductor has a second 
movable core. - 

75 22. The system of claim 21 wherein said first movable core is mechanically linked to said second movable core so 
" that movement of said second movable core is responsive to movement of said first movable core. 

23. The system of claim 22 wherein said shifting means further comprises a motor for cyclicly moving said first and 
second movable cores back and forth in unison. 

24 The system of claim 21 wherein said first movable core is mechanically linked to said second movable core so 
' that the sum of the inductances of said first and second conductors remains substantially constant during movement 
of said first and second movable cores. 

25 25. A semiconductor fabrication system, comprising: 

a semiconductor fabrication chamber having a plasma generation area within said chamber; 
a coil carried by said chamber and positioned to couple energy into said plasma generation area to maintain 
a plasma in said plasma generation area, said coil having a plurality of voltages distributed along said coil; 
30 a first inductor coupled between said coil and. ground; and 

mea ns for changing the inductance of said first inductor so as to shift voltage distributions along said coil. 

26. The system of claim 25 wherein said first inductor has a first movable core and said changing means comprises 
means for moving said first core within said first inductor. 

27. The system of claim 26 further comprising an RF generator coupled to said coil and a second inductor coupled 
between said generator and said coil. 

28. The system of claim 27 wherein said second inductor has a second movable core and said changing means 
40 comprises means for moving said second core within said second inductor. 

29. The system of claim 28 wherein changing means comprises means 1or moving said first core within said first 
inductor simultaneously with moving said second core within said second inductor. 

45 30 The system of claim 28 wherein said changing means moves said first core within said first inductor and moves 
' said second core within said second inductor so that the inductances of said first and second inductances are 
changed complementary one to the other. 

31 The system of claim 28 wherein said changing means moves said first core within said first inductor and moves 
' said second core within said second inductor so that the sum of the inductances of said first and second inductors 
remains substantially constant. 

32. The system of claim 28 wherein said changing means includes a link mechanically linking said first and second 
cores so that said first and second cores move in unison. 
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33. A semiconductor fabrication system for use with an RF generator, comprising: 

a semiconductor fabrication chamber having a plasma generation area within said chamber; 
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a coil carried by said chamber and positioned to couple energy into said plasma generation area to maintain 
a plasma in said plasma generation area, said coil having a first end and a second end wherein said first end 
is adapted to be coupled to said RF generator; 

a first variable inductor coupled between said coil second end and ground, said first inductor having .a first 
5 core adapted to move, within said first inductor; and 

a second variable inductor adapted to be coupled between said coil first end arid said RF generator, said 
second inductor having a second core adapted to move within said second inductor, said second core being 
mechanically coupled to said first core so that said first and second cores move in unison. 

io 34. A semiconductor fabrication process for sputtering material onto a substrate, the process comprising: 

energizing a coil carried by a semiconductor fabrication chamber having a plasma generation area within said 
chamber, said chamber having a target of said material for sputtering, said coil positioned to couple energy 
into said plasma generation area to ionize said sputtered target material to form a layer of said sputtered target 
75 , material on said substrate; and 

time-averaging voltage distributions along said coil with an impedance-matching box connected to said coil, 
said impedance-matching box having a continuously tunable variable reactance. 

35. The process of claim 34 wherein said tunable variable reactance includes a tunable inductor 

36. The process of claim 34 wherein said tunable variable reactance includes first and second tunable inductors. 

37. The process of claim 36 wherein said tunable variable reactance includes a core piece movably disposed within 
said first and second tunable inductors. 

38 The process of claim 37 wherein said core piece compensates a first change in a first inductive reactance of said 
first tunable inductor with a second change in a second inductive reactance of said second tunable inductor so as 
to keep a sum of said first and second inductive reactances substantially constant. 

39. The process of claims 36, 37 or 38 wherein said first and second tunable inductors are substantially identical. 

40. The process of claim 37 wherein said core piece is substantially ferromagnetic. 

41. The process of claim 37 wherein said core piece is substantially nonferromagnetic. 

42. The process of claim 34 wherein said tunable variable reactance includes a variable capacitor. 

43. The process of claim 34 wherein said tunable variable reactance includes first and second variable capacitors. 

40 44. The process of claim 43 wherein said tunable variable reactance includes a dielectric piece movably disposed 
within said first and second variable capacitors. 

45 The process of claim 44 wherein said dielectric piece compensates a first change in a first capacitive reactance 
of said first variable capacitor with a second change in a second capacitive reactance of said second variable 
45 capacitor so as to keep a sum of said first and second capacitive reactances substantially constant. 

46. The process of claims 43, 44 or 45, wherein said first and second variable capacitors are substantially identical. 

47 The process of claim 34 wherein said tunable variable reactance includes a first inductor having a first movable 
so core, and a second inductor having a second movable core mechanically linked to said first core. 

48. The process of claim 34 wherein said tunable variable reactance includes a substantially continuously variable 
capacitor. 

5£ 49. The process of claim 34 wherein said tunable variable reactance includes a variable capacitor and a tunable 
inductor. 

50. A semiconductor fabrication process comprising: 
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energizing a coil carried by a semiconductor fabrication chamber having a plasma generation area within said 
chamber, said coil positioned to couple energy into said plasma generation area to maintain a plasma in said 
plasma generation area; and 

changing the inductance ot a first inductor coupled to said coil so as to shift voltage distribution's along said coil. 

51. The process of claim. 50 wherein said first inductance changing comprises translating a core within said first in- 
ductor. 

52. The process of claim 50 further comprising changing the inductance of a second inductor coupled to said coil. 

53. The process of claim 52 wherein said second inductance changing occurs simulations with said first inductance 
changing. 

54. The process of claim 52 wherein said first and second inductance changings are complementary. 

55. The process of claim 54 wherein the sum of said first and second inductances remains substantially constant. 

56. The process of claim 52 wherein said first inductance changing comprises translating a first core within said first 
inductor and said second inductance changing comprises translating a second core within said second inductor 
and linked to said first core. 

57. A semiconductor fabrication process, comprising: 

energizing a coil carried by a semiconductor fabrication chamber having a plasma generation area within said 
chamber, said coil positioned to couple energy into said plasma generation area to maintain a plasma in said 
piasma generation area, said coil having a plurality of voltages distributed along said coil; and; 
cyclicly and continuously shifting said distribution of voltages along said coil. 
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